Objective: This study investigated whether postprandial metabolic responses to bread could be lowered by substituting high amylose maize starch for a part of the¯our. Design and subjects: Eight healthy subjects consumed test meals of equivalent nutritional composition based on white wheat bread, bread rich in amylose (HAWB) and spaghetti as a breakfast meal. Blood samples were collected to measure insulin and glucose concentration during two hours after consumption. The degree of starch crystallinity was investigated by X-ray diffraction and DSC analysis. Results: HAWB produced low glycaemic (60 AE 18) and insulinaemic (57 AE 20) indexes similar to those of spaghetti (83 AE 46, 61 AE 16). In vitro amylase hydrolysis of the three foods showed that high amylose content in HAWB signi®cantly lowered starch degradation in bread without affecting hydrolysis kinetics. Addition of amylose in dough increased the resistant starch content of HAWB (14% of dry matter). The resistant starch fraction was mainly composed of crystalline amylose (B-type X-ray diffraction pattern, melting temperature 105 C) attributable to native high amylose maize starch incompletely gelatinised during bread-cooking. Conclusions: Bread produced by the substitution of high amylose maize starch for a part of wheat¯our showed a low glycaemic index. Resistant starch in HAWB corresponded to native crystalline amylose not gelatinised during normal bread-processing conditions.
Introduction
Starchy foods have an intrinsic capacity to induce a wide scattering in the glycaemic index (Fosterpowell & Miller, 1995) . There is increasing evidence that a low glycaemic index or a lente starch diet provides a potential bene®cial effect by improving metabolic control of hyperlipidaemia in diabetic patients (Jenkins et al, 1987; Jenkins et al, 1988) as well as in healthy subjects (Jenkins et al, 1994) . The range of foods with a low glycaemic index is very limited. Spaghetti is recognized as the main lente starchy diet, but the range of foods with low glycaemic response needs to be diversi®ed. Two strategies could be used to produce new products with low metabolic responses. The ®rst involves a modi®cation of the starch microenvironment to limit its accessibility to amylase. The best example is ®rstly the protein network which entraps starch in pasta, creating a physical barrier that alters or delays the access of starch to amylase (Fardet et al, 1998) . Secondly a modi®cation of the crystalline organisation of starch to generate resistant starch.
Bread constitutes a large part of the diet, consequently various studies have attempted to process bread in order to limit starch degradation andaor glucose absorption and therefore reduces the metabolic response following bread ingestion. The two ways of processing bread have led to strategies for modifying the microstructure of bread, the degree of starch crystallisation, or both. The content of resistant starch in bread products is usually very low (Englyst et al, 1992) and is related to recipe and baking conditions. The modi®cation of bread microstructure was achieved by incorporating the intact kernel or adding viscous ®bre in paste, resulting in a¯attening of postprandial glucose curves (Ellis et al, 1991; Liljeberg et al, 1992) . The incorporation of intact cereal kernels (Holm & Bjo Èrck, 1992; Liljeberg et al, 1992; Holm & Bjo Èrck, 1992) or cracked kernels introduces in bread encapsulated starch. Viscous dietary ®bres such as guar gum are also closely associated with starch, and their addition at the bread matrix level acts as a physical barrier to starch digestion (Brennan et al, 1996) . Resistant starch in crystalline form has been generated by raw starch granules, retrograded amylose, or a mixed structure (Englyst et al, 1992) . Some studies have attempted to capitalise on the functional properties of amylose for the generation of resistant starch by adding high amylose maize starch in bakery products (Behall et al, 1989; Weststrate & van Amelsvoort, 1993; Heijnen et al, 1995; Granfeldt et al, 1995) . Moreover, inconsistent results are obtained on the effect of high amylose content in various kinds of bread on postprandial glucose and insulin (Weststrate & van Amelsvoort, 1993; Granfeldt et al, 1995; Heijnen et al, 1995) . In these studies (Behall et al, 1989; Weststrate & van Amelsvoort, 1993; Heijnen et al, 1995; Granfeldt et al, 1995) , the recipes and the sizes of wheat based-bread (baguette, roll or bread) or maize based-bread (arepas), the baking conditions and the cooling treatments are various. The cooking tem-peratures used for processing bread are always high (175± 240 C) in order to achieve the gelatinisation of amylose, however the degree of starch crystallinity and the crystalline structure in processed bread products have not always been investigated. The ability to relate a low metabolic response with the crystalline structure of starch truly involved in the alteration of starch digestion has not been completely explored.
The aim of this study was to modify starch bioavailability in order to produce a palatable bread eliciting low postprandial metabolic responses. Experimental bread was ®rst produced by incorporating high amylose maize starch into the dough (HAWB). In the latter case, the bread was cooled at room temperature and freeze-dried to induce amylose retrogradation. The glucose and insulin responses of HAWB were then compared respectively to rapid (white wheat bread: WWB) and lente (spaghetti) carbohydrates. Finally, in vitro enzymatic hydrolysis, X-ray diffraction analysis and DSC studies were performed to determine the physico-chemical characterisation of starch with the three substrates and elucidate the factors responsible for metabolic responses.
Subjects and methods

Cereal products
White wheat bread (WWB) and durum wheat spaghetti were provided by Barilla (Parma, Italy). The bread was processed with white wheat¯our and frozen ( 7 20 C) in slices for 6±12 months. Spaghetti (100 g) was cooked for 10 min in 3 l of boiling water (Evian 1 , Danone, France) containing 0.7% NaCl and then drained. Before analysis, cooked spaghetti samples were frozen ( 7 20 C) and freeze-dried. Test bread containing a high maize amylose starch (HAWB) was prepared at INRA (Nantes, France). HAWB was baked from 900 g white wheat¯our (type 55), 600 g Eurylon 1 (high-amylose maize starch, 65±75% of amylose: Roquette Fre Áres, Lestrem, France), 65 ml glycerol (Merck, Germany), 33 g sodium chloride, 37.5 g baker's yeast and 1086 ml water. The dough was proofed for 45 min at 27 C under 80% moisture, divided into 350 g pieces and put into cans before a second proo®ng for 82 min at 27 C (80% moisture). After undergoing baking at 250 C for 40 min, the bread was allowed to cool at room temperature for about 4 h. The crust was then separated, and the bread was sliced, frozen at 7 20 C and stored for 3±9 months. Four hundred grams of bread crumbs were thawed before ingestion. The volume of fresh bread was measured with a loaf volunteer (Tripette et Renaud, France) , and the density expressed in gacm 3 .
In vivo study
Eight healthy volunteers (6 men and 2 women; mean age 25 y, range 21±28: body weight 55±70 Kg) took part in this experiment. This study was approved by the Ethics Committee of the University Hospital of Nantes, and written informed consent was obtained from the volunteers. The day before the experiment, subjects were asked to consume a meal composed of bread (60 g), pasta (100 g), ham (60 g), natural yoghurt and ripe banana. The subjects each consumed all three test foods (WWB, HAWB, spaghetti) at different times (approximately 4 d apart) after an overnight fast. At 9.15 am on the day of the experiment, a catheter was inserted into an antecubital vein to ensure blood sampling. On the day of the experiment, the meal composed of a single test food was served at 9.30 am and ingested continuously over a 20 min period. Water (Evian 1 , Danone, France), adapted to the dry matter of food (respectively 430 ml, 411 ml and 377 ml with WWB, HAWB and spaghetti), was drunk with the meals. Volunteers ate a meal equivalent to 100 ±104 g of equivalent glucose for bread and 108 g for spaghetti (1740±2094 KJameal) ( Table 1) . The potentially available starch ingested was respectively 92±95 g for WWB and spaghetti, and 74 g for HAWB. Blood samples were collected 30 min before the meal, every 15 min for 1 h and 45 min after the meal, and then every 30 min for a further 2 h. Blood samples intended for blood glucose analysis were collected with heparin, and those for blood insulin analysis with EDTA. Samples were immediately centrifuged (3000 g, 5 min), and the plasma was removed and frozen ( 7 80 C) until analysis. Plasma glucose was assayed using a glucose oxidase method (Beckman Auto-analyser II, Fullerton, CA, USA). Plasma insulin was tested by radioimmunoassay (Institut Pasteur, Paris, France). Incremental plasma glucose and insulin responses above baseline were the means of 7 15 and 0 min values. The glycaemic (GI) and insulin (II) indexes were based on the area under the glycaemic response curve, except for the area beneath the baseline beyond 170 min (Wolever & Jenkins, 1986) . The glycaemic and insulinaemic indexes of HAWB and spaghetti were calculated from the incremental blood glucose or insulin area in relation to the corresponding area obtained after WWB used as reference food. Bioavailability of starch in bread rich in amylose C Hoebler et al
In vitro starch hydrolysis
The freeze-dried bread samples were coarsely ground using a mortar and pestle, and freshly cooked spaghetti was cut into pieces before enzymatic treatment. Samples (2 g) were incubated with porcine pancreatic a-amylase (30 000 IU; Merck, Darmstadt, Germany) and 0.55 mg (166 IU) of amylaseag dry starch in phosphate buffer 0.025 M (CaCl 2 0.25 10 73 M, NaCl 1.75 10 73 M) at 37 C with continuous magnetic stirring . Samples (0.9 ml) withdrawn every 5 min for 15 min and then at 30, 60, 120 and 180 min were added to 4.5 ml of a glacial acetic acid (1.5%) and ethanol (95%) mixture. After approximately 16 h at 4 C the samples were centrifuged (3000 g, 10 min), and the carbohydrate content in supernatants was analysed using the sulphuric orcinol automatic method (Tollier & Robin, 1979) . The rate of hydrolysis was expressed as the percentage of starch hydrolysed into soluble oligosaccharides.
Physico-chemical analysis A portion of each bread and cooked pasta was freeze-dried prior to analysis. Moisture content was determined by drying at 103 C overnight. All yield compositions were expressed on a dry matter basis. The bread and spaghetti samples were analysed for protein by the Kjeldahl method using 5.7 as the conversion factor. Starch was determined in bread and cooked and strained spaghetti by the method of Karkalas (1985) adapted as follows: samples (100 mg) were solubilised in 1 N NaOH, then neutralised and hydrolysed with Termamyl 1 (Novo, Denmark). After hydrolysis by amyloglucosidase, released glucose was measured by the enzymatic NADP-ATPahexokinaseaglucose-6-phosphate dehydrogenase system (Boehringer-Mannheim, Germany, cat. No. 127825). Resistant starch (RS) was determined according to the method previously described by Berry (1986) and modi®ed by Champ (1992) . All chemical analyses were done in duplicate on each sample. Available starch were calculated by difference between total starch and resistant strach.
X-ray diffraction patterns were obtained using an INEL spectrometer by a previously described procedure (Bule Âon et al, 1982) . Samples were ®nely ground and hydrated to 20±30% water content before analysis. DSC measurements were performed using a Setaram DSC III instrument. Freeze-dried ground samples (approximately 10 mg) were weighed accurately in Setaram steel pans. About 120 ml of distilled water were added, and a sample pan and a reference pan (®lled with 120 ml of water) were sealed and allowed to equilibrate overnight. The DSC run was performed from 30±180 C at a heating rate of 3 Camin.
Statistical analysis
Results are expressed as mean values AE s.d. Statistical evaluations by two-way analysis of variance (ANOVA) were performed for the postprandial response at each starch hydrolysis time by pancreatic amylase, at each point of blood sample collection, on total and net areas under curves and on glycaemic and insulin indexes. Statistical evaluations were performed with the Stat-View TM SE Graphics (1987±1988 Abacus Concepts, Inc.) programme.
Results
Postprandial blood glucose and insulin response Maximum plasma glucose level was reached at 45 min for all three test foods. The lowest peak value occurred after consumption of HAWB, but the differences in response were not statistically signi®cant (Figure 1 ). The decreases in curves were markedly different (Figure 1 ). WWB showed a slow decline, reaching basal level at 170 min. Following an HAWB meal, mean glycaemic response decreased rapidly after 45 min, reaching basal level at 90 min (the plasma glucose concentration obtained at 120 min was not signi®cantly different from the fasting value, P`0.05). Plasma glucose was signi®cantly lower with HAWB than with WWB (P`0.05) at 90 and 105 min. For spaghetti, mean plasma glucose response up to 180 min was not signi®cantly different from that obtained with the two types of bread. However, plasma glucose was signi®-cantly higher at 200 and 230 min (P`0.05) after a spaghetti meal than after HAWB and WWB consumption, and the basal plasma glucose level was not reached by the end of the experiment.
The three starchy foods elicited their highest blood insulin responses between 30 and 60 min after which the curves decreased slowly. At the end of the experiment (230 min), the plasma insulin level of the two types of bread was not signi®cantly different from the basal level (P`0.05). However, after a spaghetti diet the mean insulin curve had not reached baseline by the end of the experiment (230 min) (Figure 1 ). The postprandial insulin curves after consumption of the three foods were not signi®cantly different within the 30±75 min period. Mean insulin responses to HAWB were signi®cantly lower than for WWB within the 90±200 min period. Plasma insulin curves for HAWB and spaghetti differed signi®cantly only at the 170 min time-point (Figure 1) .
The glycaemic index (GI) obtained for HAWB (60 AE 18) was signi®cantly lower than the reference GI (Table 2) . Spaghetti showed a GI (83 AE 46) between that of the two types of bread but not signi®cantly different. The insulinaemic indexes (Table 2 ) obtained after ingestion of spaghetti (61 AE 16) and HAWB (57 AE 20 were signi®cantly lower than the reference index.
Starch availability in vitro
The rate of starch hydrolysis was estimated by the amount of soluble oligosaccharides produced during in vitro hydrolysis by amylase (Figure 2 ). WWB starch was hydrolysed more rapidly and intensively (about 70% after 120 min of enzymatic treatment) than in the other two foods. In the 15± 90 min period, the extent of starch digestion was not signi®cantly different for the two types of bread (P`0.05), whereas the ®nal rate of starch hydrolysis was signi®cantly lower for HAWB than WWB (P`0.05). Starch digestion of HAWB was lowest after 180 min of in vitro enzymatic hydrolysis (45% of the starch hydrolysis obtained with the other two foods, P`0.05). The kinetics of enzymatic hydrolysis for spaghetti differed from that of the two types of bread. During the ®rst period (30± 120 min), the hydrolysis of spaghetti starch was signi®-cantly slower than that of WWB, whereas the ®nal rate (180 min) was not signi®cantly different for these two foods.
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Physico-chemical characteristics
On a dry basis, the bread and pasta products consisted mainly of starch (70±78%) and proteins (7±15%) ( Table 1) . Resistant starch was low in the commercial bread (WWB) and spaghetti (respectively 1.4 and 2.6% of total carbohydrate) but amounted to 18.3% of the total starch present in HAWB. The two types of bread had density values respectively of 0.22 for WWB and 0.33 for HAWB. Means followed by an asterisk are signi®cantly different from reference indexes (100 : WWB) (* P`0.05%).
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In X-ray studies, the diffraction patterns for WWB and cooked pasta displayed a weak, mixed A-type (characteristic peaks at 2y 9.9 , 11.2 , 15 , 17 , 23.3 ) and a V-type (characteristic peaks at 2y 7.5 , 13±14 and 18.9±20
according to the degree of hydration) (Figure 3) . A-type is characteristic of native wheat starch granules, and V type of the complexation between amylose and lipids. HAWB, which was rich in amylose, exhibited a B-type pattern (2y 5.6 , 17 , 22 and 24 ) (Figure 3 ) characteristic of native or retrograded amylose. The DSC thermogram for the two types of bread showed an endotherm at 55 C, probably due to native or retrograded amylopectin ( Figure  4) . Another endotherm observed with WWB and spaghetti at 96 C (Figure 4 ) was due to weak lipid-amylose complexes. Finally, the three test foods exhibited a slight endotherm at 145 C corresponding to retrograded amylose crystallites (Eliansson & Krog, 1985) . The endotherm at 105 C, which was only observed in HAWB, corresponded to the melting of residual native high amylose maize starch. After storage of HAWB at 4 C for 2 d, an endotherm appeared at 45 C due to the retrogradation of amylopectin (data not shown: Eliansson, 1985) .
Discussion
The purpose of this study was to produce resistant starch not digestible by intestinal amylase in order to process bread products with low metabolic response. High-amylose maize starch was added in the dough since it retrogrades easily during bread cooling and storage and requires a relatively high temperature to become fully gelatinised (Colonna, et al, 1992; Kulp & Ponte, 1981) . Two standard foods were used in the same experiment to rate this new bread according to the glycaemic index (GI): a commercial white wheat bread used as a food reference for calculating metabolic indexes and a commercial spaghetti representing low-GI food. To determine the starch-related factors responsible for the low index of HAWB, we studied the molecular structure of the starch in this bread and compared the in vitro enzymatic hydrolysis of HAWB to that of WWB and spaghetti.
The substitution of high amylose maize starch for 40% of white wheat¯our maize starch produced a palatable bread (HAWB) which induced low metabolic responses. No signi®cant difference was noted between the glycaemic and insulinaemic indexes between HAWB and spaghetti, despite 24% lower available starch in HAWB. As previously reported a moderate amount of additional available starch (25% higher) would not modify the metabolic responses. The metabolic indexes obtained for HAWB (GI: 60 AE 18: II: 58 AE 20) were in the same range usually obtained for lente carbohydrate.
Unusually, postprandial metabolic responses decreased slowly to baseline and were affected by a large discrepancy, and standard error was probably due to the portion size of the test foods. The metabolic responses were determined after ingestion of meal composed only with Bioavailability of starch in bread rich in amylose C Hoebler et al test food and corresponded to the normal caloric load (about 1700±2000 kJ). The starch amount ingested during the test meal corresponded to about twice the usual amount of carbohydrate (about 90 g instead of 50 g of starch) used for measurement of glycaemic and insulinaemic indexes (Wolever et al, 1991) . It was previously shown that metabolic response depends on the amount of carbohydrate ingested (Gannon et al, 1987; Wolever et al, 1991) . Thus, the large food portion probably induced the slow decrease of plasma glucose and insulin responses curves and also, an extension in the time required for glucose and insulin concentrations to return to fasting baseline. WWB produced the highest metabolic response since its starch content was easily accessible to amylase, as shown in the in vitro hydrolysis step. DSC analysis and the X-ray diffraction pattern of WWB revealed the presence of low starch retrogradation (DSC analysis), low native amylopectin not gelatinised during bread-cooking (Variano-Martson et al, 1980) and an amylose-lipid complex (Russel, 1983) . However, these different crystalline states produced a low amount of resistant starch (1.4% of total carbohydrate) and had no signi®cant in¯uence on postprandial glycaemic and insulinaemic responses. As previously determined, pasta had lower metabolic responses than WWB , although the amount of potentially available starch was similar. The starch structure of pasta studied by DSC and X-ray diffraction analysis was almost completely gelatinised, showing physical characteristics similar to those of WWB. Moreover, spaghetti was ingested just after cooking, which reduced the risk of amylose retrogradation (endotherm at 145 C), observed in freeze-dried pasta used for analysis (results not shown), and leading to the formation of resistant starch (2.6% of total carbohydrate). Therefore the low metabolic indexes and the low in vitro bioavailability of starch in spaghetti were not due to the physical structure of starch but to the protein network surrounding starch : Fardet et al, 1998 . The physical barrier created by the protein network limits the accessibility of starch to amylase and delays in vitro starch hydrolysis (Colonna et al, 1990; . Physiological factors such as the persistence of large particles after chewing and slow gastric emptying of pasta (Mourot et al, 1988) take part also in the low metabolic responses of pasta. Such large differences between in vitro starch availability (Fardet et al, 1998) and metabolic responses were also found with a meal based on bread or pasta baked with exactly the same ingredients (white wheat¯our or durum wheat) , con®rming that starch structure was not involved in the differing bioavailability of bread and pasta. In our study, we chose to use, as the reference foods, commercial bread and pasta with well-known high and low metabolic indexes in order to evaluate the in vivo and in vitro availability of bread rich in amylose (HAWB).
Bread rich in amylose (HAWB) attenuated postprandial glucose and insulin responses as compared to WWB and pasta, though the difference was not signi®cant with respect to spaghetti. The lowering of hyperglycaemic effects previously found with high amylose food was not always consistent and may have depended on the nature and amount of amylose added , the technological process applied to food and therefore the physico-chemical characteristics of starch (Behall et al, 1989; van Amelsvoort & Weststrate, 1992; Granfeldt et al, 1995; Heijnen et al, 1995) . In our study, the substitution of amylose-rich maize starch for 40% of white wheat¯our led to an increase in the resistant starch content of HAWB (14% of DM) which involved a decrease of the extent of bioavailability of starch. The amyloseaamylopectin ratio (0.39) was relatively high, although similar to those used in other studies (Weststrate & Van Amelsvoort, 1993) . The X-ray diffraction pattern of HAWB showed the presence of crystallised amylose from native or retrograded amylose. The gelatinisation temperature for maize starch rich in amylose ranges between 100 and 130 C (Colonna et al, 1992) . Accordingly, many studies investigating the effect of amylose content on metabolic response have used a high cooking temperature (from 175±240 C) (Weststrate & Van Amelsvoort, 1993; Granfeldt et al, 1995; Heijnen et al, 1995) . During the bread-making process, the temperature in crumbs should not rise above 98±99 C inside bread (Zanoni et al, 1995) , which means that amylose is probably incompletely gelatinised in HAWB. Consequently, the fraction of resistant starch (14.3%) would be likely composed of native amylose and would not result from amylose retrogradation just after the baking and cooling of fresh bread (Kulp & Ponte, 1981; Berry et al, 1988) . The thermogram obtained by DSC showed the presence of native amylopectin in WWB and HAWB, which is consistent with the A-type X-ray diffraction pattern of WWB. The presence of native amylopectin con®rmed that 30% of the starch was not gelatinised during cooking because of hydrothermic conditions unfavourable to starch gelatinisation. In the present study, HAWB was kept at 7 20 C for 3±12 months, which probably caused amylopectin retrogradation (Kulp & Ponte, 1981; Miles et al, 1985) . However, it has been determined that amylopectin in crystalline form does not modify starch digestibility (Rabe & Sievert, 1992) . In the same way, lipids in the two types of bread produced amylose-lipid complexes that were revealed by endotherms (96 C, 107 C) and the V-type X-ray diffraction pattern (Szczodrak & Pomeranz, 1991) , which are apparently not involved in the low bioavailability of starch (Rabe & Sievert, 1992) .
From all these results, HAWB starch was composed with two fractions differing in their bioavailability and with different physiological consequences: a resistant starch fraction mainly composed of native amylose which produced low metabolic responses and decreased its in vitro digestibility and a remaining fraction, easily hydrolysed. This available starch fraction of HAWB produced a drop in blood glucose concentration below the fasting blood level in late phase and may have had an impact on subjective feelings of satiety, hunger or appetite. However, the relationship of satiety to postprandial glycaemic response is not clear (Barkeling et al, 1995) , and the satiating effect seems to be a complex process involving multiple factors . Escaping digestion in the small intestine, resistant starch fraction present in HAWB become a substrate for colonic fermentation with possible implication in cancer (Hylla et al, 1998) . Resistant starch was suspected to produce a relative high production of butyrate (Martin et al, 1998) , considered as a bene®cial substrate against colonic diseases.
Conclusions
These results indicate that it is possible to produce bread with a low glycaemic index. This product, though more dense than white wheat bread, has similar texture, is Bioavailability of starch in bread rich in amylose C Hoebler et al palatable and could be introduced into the diet. Increased amylose content did not lead to amylose retrogradation, although physical analysis (X-ray diffraction and DSC) revealed the presence of crystalline native amylose not gelatinised during bread-processing. The ®ne characterisation of starch in food or in digesta recovered at the digestion site should elucidate the potential changes in starch likely to produce low glycaemic responses. Therefore, bread enriched in high amylose maize starch could prove to be an important source of resistant starch for use in diets intended to maintain good health or implied for cancer prevention. The potential bene®ts of this special bread intake can be controlled by adapting the amount of highamylose maize starch in the dough.
